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Structural developmenta b s t r a c t
Boreal forest landscapes are dynamic with stands in different stages of development following stand-
replacing disturbances such as fire and insect outbreaks. Forest edges are an important component of
these heterogeneous landscapes but there have been few studies on intermediate-aged forest edges
which are needed for a comprehensive perspective on the spatiotemporal dynamics of forest edges.
We described the structure, composition and extent of edge influence at 13, 25 and 39-year old fire edges
in black spruce boreal forest in northwestern Québec and northeastern Ontario to characterize their
structural development and to assess effects of edge development on the understorey. Forest structure
and understorey composition were sampled along transects perpendicular to edges of the fires. Edge
influence was assessed using randomization tests. Black spruce forest was relatively unaffected by edge
influence beyond 5 m into the forest at all ages of edges studied. Edge influence on the understorey was
weak and not extensive at intermediate-aged edges with few consistent responses of individual species.
Less decayed snags and logs at 13 and 25-year old edges peaked in abundance at or near the edge with
values higher than in either adjacent ecosystem. Overall, intermediate-aged fire edges in black spruce
forest showed little evidence of further changes in canopy structure with time. Structural development
of these edges as well as the regeneration of the disturbed areas also resulted in reduced edge influence
on the understorey. A new insight from our study is that intermediate-aged forest edges may contribute
unique structural features to landscapes such as a reservoir of deadwood that may be important for
wildlife species.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Boreal forest landscapes are mosaics of forest stands in different
stages of development following stand-replacing disturbances
such as forest fires. An increased amount of edge habitat has long
been recognized as an important consequence of fragmentation
from forest harvesting (Harper et al., 2005) and natural fire edges
have been studied more recently for their unique qualities (Harper
et al., 2004; Larrivée et al., 2008; Braithwaite and Mallik, 2012).
Edge influence on vegetation generally extends less far in boreal
forests (up to 20 m) compared to temperate and tropical forests
(Harper et al., unpublished data). Complex fire boundaries create
highly variable edges that may influence the structure andcomposition of the adjacent forest stand further into the forest cre-
ating a wider, more gradual transition zone (Harper et al., 2004;
Larrivée et al., 2008). However, there remain few studies on inter-
mediate-aged fire edges which are needed for a comprehensive
perspective on the spatiotemporal dynamics of forest edges.
Edge structure changes over time, resulting in dynamic bound-
aries and subsequent effects on the adjacent plant communities.
Successional processes at the forest side of created edges are
driven by microclimatic effects and changes in resource availabil-
ity, but usually in the absence of vegetation removal or soil
disturbance. Tree mortality and regeneration are key processes in
the development of created edges. At regenerating edges, edge
influence is expected to decrease over time as the contrast be-
tween adjacent communities is reduced (Matlack, 1994; Harper
and Macdonald, 2002), resulting in ‘edge softening’ (Harper et al.,
2005). Changes in plant species composition occur as a result of
this structural development at created edges such as an increase
in the proportion of understorey species influenced by the edge
over 16 years (Harper and Macdonald, 2002).
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influence at 13, 25 and 39-year old edges in black spruce boreal
forest. Our objectives were: (1) to characterize the structure of
intermediate-aged fire edges, particularly for deadwood, and (2)
to assess the effects of edge development on understorey composi-
tion and diversity. We compared the results of the present study
with those of young fire edges in the same study area (Harper
et al., 2004). We hypothesized that the magnitude and distance
of edge influence decrease over time as the adjacent forest stand
regenerates, blocking out edge influence on light and wind. How-
ever, structural changes may continue due to wind effects and
changes to the understorey may persist before the adjacent forest
regenerates.2. Methods
2.1. Study sites
Our study site was in black spruce boreal forest in the Abitibi
region in northwestern Québec and in northeastern Ontario
(49620 to 49870N, 79000 to 79500W, Fig. 1). The area is part of
the the northern Clay Belt, a broad physiographic unit character-
ized by lacustrine deposits from the proglacial lakes Barlow and
Objibway (Vincent and Hardy, 1977). The topography is relatively
flat at an elevation of approximately 300 m asl. Soils are predomi-
nantly organic, with clay deposits and some till (Gauthier et al.,
2000). According to a nearby weather station in La Sarre, Québec
(48460N; 79060W; Environment Canada, 1993), mean annual
temperature is 0.8 C, annual precipitation is 856 mm, and there
are 64 frost-free days. The forest mosaic in our study area is part
of the Picea mariana-moss bioclimatic domain (Saucier et al.,
1998). P. mariana (Mill.) BSP (black spruce) is dominant in stands
of all ages on clay and organic sites, and in old stands on sand sites
(Harper et al., 2002). Other tree species include Pinus banksiana
Lamb., Abies balsamea (L.) Mill, Betula papyrifera Marsh., Populus
tremuloides Michx., Populus balsamifera L. and Larix laricina (Du
Roi) Koch. The region is characterized by large crown fires that kill
most of the trees and aboveground vegetation (Bergeron et al.,Fig. 1. Map showing the location of the study area and enlargements of t2002). All burned sites were naturally regenerated without any
planting; we avoided areas that were salvage cut.2.2. Sampling design and data collection
We established four transects each at edges of single 13, 25 and
39-year old fires (Fig. 1, Table 1). Sampling was conducted between
June and August 2001; spring ephemerals are rare in black spruce
forests. Transects were at least 100 m away from other transects,
major forest openings and any salvage-cut burned areas. Because
we required sites with no salvage cutting, the number of possible
transect locations was very limited since most of the fires that
were easily accessible were partially or entirely salvage cut. There-
fore, we could not control for edge aspect which spanned a range of
orientations. Likewise, very few intermediate-aged fires were
available leading to only one fire sampled for each age. We ac-
counted for this unavoidable imbalanced sampling design by lim-
iting direct statistical comparisons among different edge ages.
Edges were created in forests dominated by P. mariana (>88% trees
P. mariana) with some co-dominance by A. balsamea. All edges
were located within stands of similar composition and structure;
therefore, fire edges did not appear to be the result of pre-existing
composition. Stand age, canopy cover and height varied among for-
est stands next to fire edges; averages for all transects at different
edge ages were 50–62% for canopy cover and 10–15 m for height.
For each transect, we located plots at various distances from
both sides of the edge to cover the full extent of the edge. Rectan-
gular plots 20  5 m, length parallel to the forest edge, were cen-
tred at the following distances along each transect: 50, 15,
5, 0, 5, 10, 20, 40, 60, 100, 150 and 200 m from the edge into
the adjacent forest (negative distances indicate the burned side
of the edge). The plot at 0 m straddled the forest edge which was
located at the edge of the continuous forest canopy; in this ecosys-
tem, fire edges were distinct and easy to delineate. Plots were in-
cluded on the disturbance side of the edge to encompass the
entire transition zone since the extent of edge influence may only
be found within the disturbed area. We used data collected at 100,
150 and 200 m to characterize interior forest; however, five ofhe 1962 (A), 1988 (B) and 1976 (C) fires where edges were sampled.
Table 1
Site and edge characteristics of forest stands, edges and adjacent areas disturbed by fire in black spruce boreal forest in northwestern Québec. Canopy cover and height of the
tallest trees were measured 60 m from the edge.
Transect ID Year of fire Size (ha) of fire Edge orientationa Ageb (years) Canopy cover (%) Height of the tallest tree (m)
Fire Ac 1988 918 90 N/A 44 12
Fire B 1988 918 114 N/A 70 13
Fire C 1988 918 220 N/A 66 12
Fire D 1988 918 225 N/A 69 24
Fire E 1976 22,776 80 1875 55 8
Fire F 1976 22,776 115 1875 34 10
Fire Gd,e 1976 22,776 240 1875 N/A 6
Fire Hc 1976 22,776 248 1875 56 15
Fire I 1962 5879 310 1825 55 14
Fire Jc 1962 5879 314 1825 16 10
Fire Kc,d,f 1962 5879 355 1775 75 14
Fire L 1962 5879 360 1775 71 16
a Facing from the edge towards the forest.
b Data from a fire reconstruction map (Bergeron et al. 2004). The age of the forest stands surrounding the 1988 fire is unknown but is similar to the other forest stands.
c The 200 m plot could not be sampled due to proximity to another edge.
d The 100 m plot could not be sampled due to proximity to another edge.
e Canopy cover measurements were not made.
f The 60 m plot was placed at 80 m to avoid a stream.
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tions to data collection). We were confident that 100 m was true
interior forest since previous studies on edges in the same area
found that edge influence only extended about 5 m into the forest
(Harper et al., 2004). Two 2  2 m shrub subplots and four
0.5  0.5 m herb subplots were established systematically along
the major axis of every plot (shrub and herb subplots at either
end of the 20  5 m plot, and herb subplots also 3 m from either
side of the centre).
Trees (>5 cm dbh) and snags (standing dead trees >5 cm dbh
and >50 cm tall) were tallied in the 20  5 m plots; the relative
height of all trees and snags was estimated as dominant, co-dom-
inant, intermediate or suppressed (Côté, 2000). We tallied the
number of logs (downed coarse woody material) intersecting the
major axis of the plot (>5 cm diameter at the intersection point).
Decay stage was evaluated for all snags (classes 1–5, Thomas
et al., 1979) and logs (classes 1–5, Maser et al., 1979). Canopy cover
was measured at the centre of each plot using a convex spherical
densiometer facing both directions of the transect. Height of the
tallest tree was measured in the 60 m plots using a clinometer.
Within the shrub subplots, we estimated the cover for each
shrub species (>50 cm tall) and for all shrub species combined,
and we counted the number of seedlings (<1 m tall), saplings
established from layering (<1 m tall) and taller saplings (>1 m tall,
< 5 cm dbh). Cover of all species of herbs, ground layer common
mosses and macrolichens, and dwarf woody plants (<50 cm) was
visually estimated within the herb subplots to the nearest 1% up
to 5% and to the nearest 10% thereafter. Nomenclature follows
Marie-Victorin (1995).2.3. Data analysis
We assessed edge influence at fire edges for the following cate-
gories of response variables: overstorey structure (canopy cover,
and tree, snag and log densities), understorey structure (total cover
of shrubs, herbs, mosses and lichens), regeneration (P. mariana
layer, sapling and seedling densities) and cover of individual spe-
cies (shrubs, herbs, mosses and lichens). Data from subplots were
averaged for each plot. Diversity was calculated separately for
shrubs, herbs, mosses and lichens using the Shannon index; calcu-
lations were made using cover values at the subplot level and then
averaged for each plot. We also included structural diversity which
we defined as the number and abundance of different combina-tions of height, dbh and decay stages of trees, snags and logs (c.f.
Spies and Franklin, 1988) and calculated for each plot using the
Shannon index. Separate analyses to assess edge influence on these
response variables were performed for each age of fire edge (n = 4
transects each).
For each response variable, we calculated both the magnitude of
edge influence (MEI) and the distance of edge influence (DEI). MEI
is a measure of the strength of edge influence which we calculated
as (Harper et al., 2005): MEI ¼ ðxd  xiÞ=ðxd þ xiÞ; where xd = aver-
age of a variable at distance d from the edge, and xi = average of
a variable in interior forest (distances 100, 150 and 200 m from
the edge).
To quantify DEI, we used the randomization test of edge influ-
ence (RTEI, Harper and Macdonald, 2011), which tests the signifi-
cance of MEI for different distances from the edge using
randomization tests of the data at a given distance from the edge
and in the interior forest. When compared to other methods for
determining DEI, RTEI was the only method that was generally
invariable to sampling design while being sensitive to variation
in the reference ecosystem but not at the edge (Harper and
Macdonald, 2011). We used RTEI without blocking since one or
two of the interior forest plots were missing along one of the tran-
sects and exact permutation (all possible permutations) since the
sample size was low (n = 4 transects). All assessments of edge
influence were done using the RTEI Add-In written by K.A. Harper
in Microsoft Excel 2007 using VisualBasic (Microsoft Corporation,
2007) as introduced by Harper and Macdonald (2011). We used a
p-value of 0.1 since we were primarily conducting exploratory
analysis with limited sample size and therefore chose a less con-
servative approach in order to detect more trends. DEI was then
estimated as the set of two or more consecutive distances (or sep-
arated by one distance) over which MEI was significant. We used
this definition of DEI in order to counteract effects of multiple test-
ing while still adopting a more liberal, exploratory approach to find
possible trends.3. Results
3.1. Magnitude and distance of edge influence
Overall, edge influence rarely extended beyond 5 m into the for-
est at intermediate-aged fire edges in black spruce boreal forest.
Often the response variables were significantly different from
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5 m (5 m on the burned side of the edge). Therefore the edge
transition zone was structurally and compositionally similar to
interior forest. However, there were differences in some response
variables and results varied among the different edge ages, reveal-
ing interesting trends in the structural development of fire edges.
Edge influence on forest structure was minimal at intermediate-
aged fire edges with no evidence of extensive damage to the tree
canopy. For canopy cover, MEI and DEI were similar for all edge
ages (Table 2). Tree density was only significantly lower right at
the edge compared to interior forest; MEI at 0 m was variable for
different edge ages. There were significantly more snags on the for-
est side of the edges of the 13-year old fire compared to interior
forest (Table 2). Greater amounts of logs were found up to 5 m into
the forest at the 13 and 25-year old fire edges compared to interior
forest. There was no evidence of further change to the canopy at
the fire edges since there was no consistent change in MEI or DEI
for either canopy cover or tree density with edge age. Additionally,
positive edge influence (greater values at the edge compared to the
interior) on snag and log abundance had disappeared at the inter-
mediate-aged fires where there was no significant edge influence
on snag or log abundance.
Structural diversity on the forest side of the edge was generally
similar to interior forest. Negative edge influence on tree structural
diversity was limited to the burned area at all fire edges (Table 2).
Results were similar for snag structural diversity for the 39-year
old fire edges. MEI for snag structural diversity decreased with
age of the fire edges. Edge influence on log structural diversity
was positive or not significant (39-year old fire edges) and mostly
confined to the disturbed area. At the 13 and 25-year old fire edges,
DEI results indicate a peak in log structural diversity near the edge.
Change in the understorey was apparent at fire edges as evi-
denced by significant DEI of the cover of different types of plants,
but there were few trends in species diversity or composition
(Table 2). Total sapling density was significantly lower in the dis-
turbed area compared to the interior forest at the 13-year old fire
edges. Greater shrub cover was found up to 5 m on the disturbed
and forest side of the edge at 13 and 25-year old edges,Table 2
Magnitude of edge influence (MEI at 0 m) and distance of edge influence (DEI) for differe
positive MEI indicate lower and greater values at the edge compared to the interior, resp
distances within the DEI that are different than 0 m). DEI was estimated as the set of tw
significant; negative values refer to distances within the disturbed area. Calculations of M
13-year old fire 25-ye
MEI DEI (m) MEI
Forest structure
Canopy cover 0.22 50 to 0 0.22
Tree density 0.10 50 to 5 0.46
Snag density 0.10 15 to 25 0.22
Log density 0.37 50 to 5 0.65
Tree structural diversity 0.05 50 to 5 0.25
Snag structural diversity 0.22 ns 0.02
Log structural diversity 0.04 5,5 0.31
Understorey
Total sapling density 0.04 50 to 5 [ve] 0.23
Shrub cover 0.43 50 to 5 0.27
Herb cover 0.61 ns 0.24
Moss cover 0.02 50 to 15 0.04
Lichen cover 0.79 ns 0.41
Litter 0.14 25,60 0.33
Species diversity
Shrubs 0.02 ns 0.06
Herbs 0.61 ns 0.02
Mosses 0.61 ns 0.10
Lichens 0.13 50 to 15 0.25
ns = no significant DEI.respectively. There was no significant edge influence on herb cover.
Trends of lower moss cover in disturbed areas were often mirrored
by greater litter cover (except at 13-year old fire edges) rather than
lichen cover (except for greater lichen cover in 25-year old burned
areas). MEI values for understorey structure varied with the great-
est values often not significant, suggesting high variability within
the interior forest. There was a decrease in MEI with age of fire
edge for shrub cover but an increase for herb and litter cover. For
species diversity, only lichen diversity had significant edge influ-
ence on the disturbed side of the 13-year old fire edges. Shrub
diversity was lower at 25-year old fire edges but greater with a
peak at the 39-year old fire edges.
3.2. Patterns across the edge-to-interior gradient
Patterns of deadwood abundance across the edge-to-interior
gradient differed among different decay stages for different edge
ages (Fig. 2, DEI results in Table 3). At the 13-year old fire edges
(Fig. 2A), both recent and well-decayed snags had peaks in abun-
dance near the edge. For logs, the pattern changed with greater de-
cay stage, from a peak at the edge to a decrease from the burned
area towards the forest to low abundance with no pattern. Like-
wise, there were three different patterns for snag abundance at
the 25-year old fire edges (Fig. 2B): increase towards the forest,
peak at the edge and decrease towards the forest (in order of
increasing decay stage). Recent logs also showed a peak in abun-
dance at the 25-year old fire edges whereas well-decayed logs
were much more abundant within the burned area. Trends were
less apparent at the oldest 39-year old fire edges with only a slight
peak in abundance for the most decayed snags (Fig. 2C).
Trends in regeneration density were observed for different sizes
of saplings and suppressed trees at different edge ages (Fig. 3, DEI
results in Table 3). Peaks in seedling density occurred at the edges
of 13 and 25-year old fires (Fig. 3A). Layering showed a slight peak
just inside the forest at 13-year old fire edges but increased to-
wards the forest at the 25-year old fire edges and showed no trend
at the oldest fire edges (Fig. 3B). For taller saplings, there was a
progression with age of fire edges of an increase, no trend, then ant response variables at different ages of fire edges. In most instances, negative and
ectively, within the DEI; exceptions are noted in square brackets (ve or +ve MEI at
o or more consecutive distances (or separated by one distance) over which MEI is
EI and DEI are based on sample sizes of n = 4 transects for each age of fire edge.
ar old fire 39-year old fire
DEI (m) MEI DEI (m)
50 to 0 0.19 50 to 15, 0
50 to 0 0.07 50 to 5
ns 0.23 ns
50 to 5 0.13 ns
50 to 5 0.02 50 to 5 [ve]
ns 0.39 15 to 5
5 to 0 0.06 ns
ns 0.07 ns
50 to 5 0.12 ns
ns 0.14 ns
50 to 5,5 to 25 0.09 50 to 15
50 to 5 [+ve] 0.30 ns
50 to 5,5,25 0.74 50 to 15,0




Fig. 2. Average density of snags and logs in different decay stages along the edge-
to-interior gradient at (A) 13, (B) 25 and (C) 39-year old fire edges. The numbers in
the legend refer to the decay stages. Snags and logs in consecutive decay stages with
similar trends were grouped together for clarity; different categories were used for
different edge ages. Sample sizes are n = 4 transects for each age of fire edge. The
average for interior forest (int) includes values at 100, 140 and 180 m from the
edge. Note that the average values at 50 m for logs in decay stages 3–4 in A (9.5
per 20 m) and for logs in decay stages 3–5 in B (17.8 per 20 m) are not visible on the
graphs.
K.A. Harper et al. / Forest Ecology and Management 314 (2014) 131–140 135decrease towards the forest (Fig. 3C). There were few suppressed
trees within the disturbed area except for 39-year old fire edges
where there was a slight peak in density at the edge (Fig. 3D).
Overall, edge influence on individual species rarely (<5% spe-
cies) extended further than 5 m into the forest (Fig. 4). The youn-
gest 13-year old fire edges had the greatest proportion of species
affected by positive edge influence at all distances and by negative
edge influence at distances within the forest. The trend in the pro-
portion of species affected by edge influence was slightly more
abrupt with a sharp decrease right at the edge for 39-year old fire
edges compared to 25-year old edges for both positive and
negative edge influence. Individual species hardly ever exhibited
significant edge influence at more than one edge age at the edge
(rather than just in the disturbed area, i.e. DEI beyond 5 m,
Table 4). The only two exceptions were positive edge influenceon Vaccinium angustifolium and negative edge influence on Carex
sp. both at 13 and 25-year old fire edges. Other species were more
(Cladonia spp., Polytrichum spp., Salix spp., Vaccinium myrtilloides)
or less (Gaultheria hispidula, Rubus chamaemorus, Sphagnum spp.)
abundant in the disturbed area compared to interior forest at more
than one edge age, while Ledum groelandicum exhibited different
responses to different disturbances. MEI increased with age of fire
edges for Salix spp. and R. chamaemorus.4. Discussion
A few decades after nearby disturbance, edges of black spruce
forest stands remain relatively unaffected from forest fire. Edge
influence rarely penetrated beyond 5 m into the forest, which
was much lower DEI than reported for other forests in sub-boreal
(40–120 m, Burton, 2002), temperate (16–137 m, Chen et al.,
1992) and tropical (85–335 m, Laurance et al., 1998) regions.
Although DEI estimates can vary widely depending on the method
of analysis used (Harper and Macdonald, 2011), our results provide
evidence that edge influence is substantially less in the boreal
forest than in other forest ecosystems. Moreover, forest character-
istics often extended into the burned area at these intermediate-
aged edges resulting in negative DEI estimates that were restricted
to the disturbed areas away from the edge. Although the edge tran-
sition zone was structurally and compositionally similar to interior
forest, differences in some response variables at and near the edge
compared to interior forest illustrate the structural development of
fire edges and effects on the understorey. Furthermore, patterns of
some response variables, particularly different decay stages of
deadwood, show how forest edges can provide a unique habitat
on the landscape.4.1. Structural development of fire edges
We found no evidence of continued change to the tree canopy
with age of fire edges. The canopy may have even filled in; some
structural change due to partial burning was noted up to 40 m into
the forest at younger fire edges in the same study area (Harper
et al., 2004). Unbroken snags found 15–25 m into the forest from
13-year old fire edges could be due to post-fire tree mortality,
but they were suppressed trees and therefore their absence did
not affect canopy cover. The lack of edge influence on total snags
and logs at intermediate-aged fire edges also provides evidence
against persistant structural change.
Fewer trees and more logs on the forest side of the edge, despite
greater canopy cover, suggests that there may have been mortality
but primarily of suppressed trees. However, windthrow or in-
creased mortality due to edge influence has been observed in other
forests (e.g., Chen et al., 1992; Laurance et al., 1998; Burton, 2002).
Since black spruce trees are susceptible to windthrow (Lavoie et al.,
2012), it may be the uneven structure of old-growth stands that re-
sults in their resistance to increased windthrow at their edges.
Regeneration of the dominant tree species is a common edge ef-
fect (Chen et al., 1992; Baker and Dillon, 2000; Burton, 2002;
Harper and Macdonald, 2002) that affects the structural develop-
ment of the edge. At fire edges in black spruce forest, more seed-
lings were found within the disturbed areas compared to interior
forest at both 2–5-year old (Harper et al., 2004) and 13-year old
fire edges (Fig. 3A). At intermediate-aged fire edges, peaks in seed-
ling density suggest that seedling recruitment may still occur a
couple of decades following edge creation. Greater recruitment in
terms of understorey tree density was found at other edges (e.g.,
Baker and Dillon, 2000) but has only been compared with the adja-
cent undisturbed forest and not the disturbed area. More severe
burning generally results in greater seedling germination,
Table 3
Magnitude of edge influence (MEI at 0 m) and distance of edge influence (DEI) for snag and log abundance in different decay stages as well as density of different stages of
regeneration at different ages of fire edges. In most instances, negative and positive MEI indicate lower and greater values at the edge compared to the interior, respectively,
within the DEI; exceptions are noted in square brackets (ve or +ve MEI at distances within the DEI that are different than 0 m). DEI was estimated as the set of two or more
consecutive distances (or separated by one distance) over which MEI is significant; negative values refer to distances within the disturbed area. Calculations of MEI and DEI are
based on sample sizes of n = 4 transects for each age of fire edge.
13 year old fire 25 year old fire 39 year old fire
MEI DEI (m) MEI DEI (m) MEI DEI (m)
Snag abundance
Decay stage 1 1.00 ns 0.41 50 to 15 0.10 ns
Decay stage 2 0.57 15 to 25 0.09 50 to 5 [ve] 0.66 15 to 5
Decay stage 3 0.10 ns 0.56 50 to 0 0.28 ns
Decay stage 4 0.25 ns 0.58 ns 1.00 ns
Log abundance
Decay stage 1 0.75 5 to 0,15 1.00 ns 0.63 ns
Decay stage 2 0.47 ns 0.55 0 to 25 0.28 ns
Decay stage 3 0.03 50 to 5 0.67 50 to 0 0.28 ns
Decay stage 4 0.04 ns 0.75 50 to 0 0.23 ns
Decay stage 5 0.35 ns 0.80 15 to 0 0.38 ns
Regeneration density
Seedlings 0.63 ns 0.94 50 to 0 0.32 ns
Layers 0.17 50 to 15 0.36 50,5 0.00 ns
Taller saplings 0.42 50 to 5 0.04 ns 0.28 50 to 15,0
Suppressed trees 0.21 50 to 5 0.58 50 to 0 0.00 ns
ns = no significant DEI.
Fig. 3. Average density of (A) seedlings (<1 m tall), (B) saplings (<1 m tall) established from layering (layers), (C) taller saplings (>1 m tall, <5 cm dbh) and (D) suppressed
trees (>5 cm dbh, height well below the canopy) along the edge-to-interior gradient at edges of different ages. Sample sizes are n = 4 transects for each age of fire edge. The
average for interior forest (int) includes values at 100, 140 and 180 m from the edge. Note that the scale of the y-axis is different for each graph.
136 K.A. Harper et al. / Forest Ecology and Management 314 (2014) 131–140establishment and growth (Jayen et al., 2006; Kemball et al., 2006;
Lecomte et al., 2006). Lighter severity would be expected at burn
edges and would therefore have the ‘worst seedbeds in the burn’
(Greene et al., 2005), which is the opposite of our observed trend.
Johnstone and Kasischke (2005) also found a decrease in black
spruce regeneration with fire severity, but attributed it to compe-
tition with aspen which was not present at our forest edges.
Greene et al. (2004) found that surviving Sphagnum in black spruce
forests was one of the best seedbeds for black spruce and isconcentrated in areas of lighter fire severity such as at fire edges.
However, a persistent Sphagnum layer may hinder seedling estab-
lishment (Boudreault et al., 2002) or growth (Lavoie et al., 2007).
Other possible explanations are that windthrow at the edge may
have caused more uprooting or increased soil disturbance leading
to better seedbed conditions (e.g., Esseen, 1994), or that seedlings
regenerate at the edge of clearcuts from the seed rain from black
spruce semi-serotinous cones in the adjacent intact forest (cf.
Greene and Johnson, 1996, 2000). Although our sample sizes for
Fig. 4. Proportion of understorey species with significant positive and negative edge influence (average values greater and less than in interior forest, respectively) at edges of
different ages. Significant distance of edge influence was considered as the set of two or more consecutive distances (or separated by one distance) with values significantly
different from interior forest. Significance of edge influence was only tested for species with a frequency of 10% or greater within each edge age; n = 30, 26 and 25 species for
13, 25 and 39-year old fire edges respectively.
Table 4
Magnitude of edge influence (MEI at 0 m) and distance of edge influence (DEI) for cover of common species at different ages of fire edges. In most instances, negative (ve) and
positive (+ve) MEI indicate lower and greater values at the edge compared to the interior, respectively, within the DEI; exceptions are noted in square brackets. DEI was estimated
as the set of two or more consecutive distances (or separated by one distance) over which MEI is significant; negative values refer to distances within the disturbed area. Only
common species (>10% frequency for at least one type of edge) with significant DEI for at least one age of edge are included. Calculations of MEI and DEI are based on sample sizes
of n = 4 transects for each age of fire edge.
13 year old fire 25 year old fire 39 year old fire
MEI DEI (m) MEI DEI (m) MEI DEI (m)
Cover of common shrub species
Chamaedaphne caliculata N/A ns 0.66 5,25 0.63 ns
Ledum groenlandicum 0.58 ns 0.33 5 to 15,40 0.10 ns
Salix spp. 0.10 ns 0.63 ns 1.00 50 to 5
Vaccinium angustifolium 0.29 50,5,5 0.80 50 to 25 0.45 ns
Vaccinium myrtilloides 0.42 50 to 0 0.14 ns 0.15 ns
Cover of common herb species
Carex spp. 1.00 50,5 to 5 0.22 5,25 0.42 ns
Coptis groenlandica 1.00 50 to 15,0 to 5 N/A ns 0.02 ns
Cornus canadensis 0.12 ns 0.47 5 to 0 0.17 ns
Gaultheria hispidula 0.66 50 to 5 0.15 ns 0.54 50 to 15,0
Linnaea borealis 1.00 15,0 to 5 1.00 ns 0.77 ns
Rubus chamaemorus 1.00 ns 0.76 50 to 0,15 to 25 0.32 ns
Smilacina trifolia 1.00 ns 0.21 50 to 5 0.38 ns
Vaccinium oxycoccos 1.00 ns 0.25 40 to 60 0.18 ns
Cover of common moss species
Pleurozium schreberi 0.18 ns 0.15 ns 0.19 5 to 15
Polytrichum spp. 1.00 50 to 15 0.92 50 to 0 N/A ns
Ptilium crista-castrensis 0.95 50 to 5 1.00 ns 0.06 ns
Sphagnum spp. 0.26 ns 0.10 50 to 5 0.52 0 to 25
Cover of common lichen species
Cladina mitis 0.47 ns 1.00 50 to 5 0.51 ns
Cladina rangiferina 0.18 ns 0.69 50 to 5 [+ve] 0.46 ns
Cladonia spp. 0.32 ns 0.06 50 to 15 0.38 ns
ns = no significant DEI.
N/A = not applicable.
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the edges of both 13 and 25-year old fire edges suggests this may
be a widespread phenomenon at fire edges, but still requires fur-
ther testing.
The lack of a significant pattern across the edge for suppressed
trees which had returned to forest interior levels within the burned
area after 38 years may be due to self-thinning. At 16-year old cut
edges in deciduous boreal forest, a DEI of 20 m for suppressed trees
(Harper and Macdonald, 2002) suggests that Populus spp. stems
had grown into trees but had not yet completely self-thinned.
Baker and Dillon (2000) hypothesized that there is a slower sealing
of the edge in cooler climates resulting in greater mortality and
disturbance at forest edges over a longer time period. We did notfind evidence of this which may be due to regeneration within
the disturbed area and/or more open canopied forest. Rather than
developing a sidewall of vegetation found at maintained edges
(Didham and Lawton, 1999; Harper et al., 2005), the forest grows
within the disturbed area with little structural evidence of the
boundary itself at these regenerating edges except for a slight peak
in suppressed tree density that may disappear with time.
4.2. Patterns of deadwood along the edge-to-interior gradient
Our results show that patterns of deadwood across forest edges
vary both spatially and temporally on the landscape. We found evi-
dence of a peak in abundance of recently decayed deadwood at or
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example of an ‘interactive boundary’ (Strayer et al., 2003) or an
‘ecotonal effect’ (Lidicker, 1999). The pattern was apparent for pro-
gressively greater decay stages for snags and logs at edges of fires
of all three ages, which indicates that the trend continues with
time. However, the pattern seemed to be receding at the oldest
edges that we sampled which suggests the pattern may only last
about four decades. The repetition of this pattern at different edges
suggests it is likely to have emerged as a result of edge influence.
Intermediate-aged edges appear to provide a different habitat in
terms of decaying conditions for deadwood than the adjacent eco-
systems, and may not be simply an intermediate transition zone.
Although snags and logs generated by the fire had already decom-
posed after almost four decades (similar to Ferguson and Elkie,
2003 for snags), intermediate-aged edges appear to be a reservoir
for deadwood on the black spruce boreal forest landscape in north-
western Québec.
A peak in deadwood abundance right at forest edges was first
noted by Harper and Macdonald (2001) at lakeshore forest edges
in deciduous boreal forest, a type of natural maintained edge
where partial disturbance and greater productivity likely results
in dynamic edges with more logs. In the same ecosystem, there
was a greater abundance of logs at edges of 16-year old (but not
5-year old) harvested areas compared to interior forest (Harper
and Macdonald, 2002). However, sampling was not conducted on
the other side of the edge so it is not known whether this was
the same pattern with a peak at the edge. Angers et al. (2011)
found delayed tree mortality and snag recruitment through time
after low fire severity, which would be likely next to burn edges.
The pattern of greater amounts of less decayed deadwood
across intermediate-aged forest edges could be explained by differ-
ent decomposition rates or a lag in mortality following partial
burning or windthrow. We propose the following hypotheses:
(H1) decomposition is slower at edges compared to disturbed
areas; (H2) partial burning (or other disturbance) causes additional
mortality since edge creation; (H3) windthrow following edge cre-
ation creates additional deadwood at edges. According to the first
hypothesis, the same amount of deadwood is created by the origi-
nal disturbance throughout the disturbed area but decomposes
slower near the edge than in the centre of the exposed disturbed
area due to shading from the adjacent forest and consequently
lower temperatures. Boulanger et al. (2011) found that severely
burned snags decompose slower than lightly burned ones which
contradicts our hypothesis; however, microclimate differences be-
tween the edge and the interior of the burned area and other fac-
tors might also be important. The other two hypotheses both state
that a lag in mortality after edge creation (due to windthrow or
partial disturbance) results in additional deadwood at later stages
of edge development. There may also be a lag in windthrow of
snags which may be more protected from wind at edges compared
to the disturbed area and therefore remain standing longer. Snag
density increased after 10–30 years within burned areas in a
mixedwood boreal forest (Ferguson and Elkie, 2003). There was
also greater tree mortality in forest fragments after a couple of dec-
ades resulting in greater deadwood abundance in a boreal forest in
Norway (Jönsson et al., 2007). We can already reject H3 as the only
possibility at fire edges since the phenomenon applies to snags as
well as logs which would not be the case if windthrow was the
only contributing factor. Further testing could include measure-
ment of decomposition rates and explicitly looking at timing of
mortality using long-term monitoring or dendrochronology (but
see Angers et al., 2011).
If the phenomenon of greater undecayed deadwood at edges is
found to be more widely applicable, forest edges could provide a
reservoir of deadwood in the disturbance-prone boreal forest that
may be very important for wildlife species that rely on transientrecently burned areas. For example, Nappi and Drapeau (2009)
found that the Black-backed woodpecker (Picoides arcticus), a fire
specialist of the boreal forest, experienced high reproductive suc-
cess for nests located near burned edges. These sites may offer bet-
ter foraging conditions for woodpeckers since snags close to fire
edges are less severely burned and thus more likely to support high
densities of wood boring beetles (Saint-Germain et al., 2004a).
Saint-Germain et al. (2004b) observed that the main prey of
black-backed woodpeckers, the whitespotted sawyer (Monoch-
amus scutellatus, Say), reached a higher abundance in burned areas
with a higher percentage of unburned forest, thus indicating the
importance of edges in forest mosaics of burned and unburned
patches. Woodpeckers may therefore be able to stay longer at fire
edges than within the burned area itself because of the persistence
of recently-decayed snags at edges (Nappi et al., 2010). The pattern
of deadwood across intermediate-aged edges thus shows how they
can serve as a unique habitat type on the landscape.
4.3. Understorey response to edge development at fire edges
We found evidence at fire edges supporting our hypothesis that
edge influence decreases following disturbance. Negative edge
influence on shrub and moss cover at the forest edge decreased
at fire edges (moss cover DEI and absolute value of MEI were great-
er at younger fire edges, Harper et al., 2004). This response was
similar to the trend in shrub cover at cut edges in aspen forest
(Harper and Macdonald, 2002). A decrease in the response of the
understorey at edges following disturbance was perhaps most
noticeable in the number of species with edge influence. Overall,
it appears that in black spruce forest, responses of the understorey
to edge creation are generally immediate and then decrease over
time with regeneration of the adjacent forest. The absence of a
lag or increase in edge influence may be related to the lack of fur-
ther structural change at these same edges.
The general lack of edge influence for understorey species
diversity right at the edge was similar to younger edges (Harper
et al., 2004). An interesting exception of greater shrub diversity
at the oldest fire edges we sampled is another example of a pattern
with a peak in abundance right at the edge. This pattern could be
due to a combination of shrub species from both habitats that per-
sisted at these edges even with regeneration of the burned area.
However, at 16-year old cut edges in aspen stands, there was sig-
nificant edge influence for herb cover and richness but not shrub
richness which was apparent at 5-year old cut edges (Harper and
Macdonald, 2002). The edges we sampled showed little evidence
of intrinsic ecotone properties regarding species composition
including ecotonal species, exotic species or higher species rich-
ness (Lloyd et al., 2000).
Overall, there were few clear or consistent patterns of the re-
sponse of species composition or individual species to edge influ-
ence over time, even when considering the younger fire edges
(Harper et al., 2004), probably due to the open canopy and hetero-
geneity in the understorey of the black spruce forest. In a more
closed-canopy deciduous boreal forest, there were differences in
broad assemblages of understorey vegetation with varying levels
of burn intensity (Lee et al., 2004). Following Roberts’ (2004) fac-
tors in the response of the understorey to disturbance, vegetation
at the edges of disturbed areas would be affected by competition
with taller strata but not as much by microclimate which would
be more of a factor within the disturbed area where much of the
canopy is removed. Competition within the herb layer, damage
to pre-existing plants and availability of propagules are also dom-
inant factors where the understorey is undisturbed. Due to the
open-canopied nature of black spruce forests, these factors are
not very different from undisturbed interior forest. Likewise, indi-
rect effects over time from effects of the canopy on the ground
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minimal; there is little new regeneration when most of the
understorey remains intact (Roberts, 2004). An exception to the
general lack of edge influence on species composition was the dif-
ferent composition on the forest side of 39-year old fire edges
which could indicate slow change in the understorey. However,
due to the low sample size, further confirmation of these results
is necessary to determine if this conclusion extends beyond this
particular fire.5. Conclusions and implications
Intermediate-aged fire edges in black spruce forest showed lit-
tle evidence of further structural change with time; instead edges
developed through further recruitment of seedlings and decompo-
sition of deadwood. Structural development of these edges as well
as the regeneration of the disturbed areas resulted in decreased
edge influence on the understorey over time. Our results support
the hypothesis that edge influence diminishes over time as patch
contrast decreases at these regenerating edges (Harper et al.,
2005).
The new insight from our study was the discovery of non-
monotonic patterns (peak at or near the edge) compared to both
adjacent ecosystems (rather than simply an intermediate stage)
indicating unique features of these intermediate-aged edges on
the landscape. We found evidence for this pattern for snags and
logs in progressively higher decay stages, as well as for seedling
and sapling densities. Fire edges appear to provide a complex hab-
itat and contribute unique structural features to the landscape. An
important threat to biodiversity from forest management may be
the loss of natural forest edges which could be conserved through
large reserves and the reduction of salvage logging at edges which
can affect edge structure and plant composition (Hanson and
Stuart, 2005). The newly observed phenomenon at intermediate-
aged forest edges needs to be verified for different ecosystems
and edge types, but shows promise as a unique feature of forest
edges on the landscape. We suggest that further research (1) tests
our hypotheses of different rates of decomposition or mortality
due to windthrow in order to determine the mechanisms of edge
influence, and (2) assesses the importance of this landscape feature
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